Introduction
The innovation of ironmaking process is required for solving energy and environment problems all over the world, such as the reduction of CO 2 emission and the decrease of quality of iron ores, etc. In Japan, the project on the innovation of ironmaking process by blast furnace for the purpose of halving energy consumption and minimizing environmental influence has been promoted by Ministry of Education, Culture, Sports, Science, and Technology. 1) In this project, the studies of lowering the melting temperature of slag have been conducted by some researchers. [2] [3] [4] [5] [6] [7] [8] It is recognized commonly that the concentration of FeO in iron ore and sinter influences the melting behavior of slag. Hasegawa and Iwase 2) indicate that the better understanding of the reduction of iron ore is important in the "softening and melting zone" of blast furnaces. Hino et al. 3) report that the dripping behavior of the primary melt in the cohesive zone of blast furnace is affected by FeO content. On the other hand, Naito 9) indicates that the reducibility of iron ore at high temperature, especially from 1 273 K to the temperature at the top of the cohesive zone, is significant for blast furnace process. The reduction behavior changes greatly in this temperature range because a molten slag closes the pores in iron ore. Therefore, many researches [10] [11] [12] [13] [14] on the reducibility of iron ore and sinter have been carried out at the temperature which molten slag exists. However, the effect of the pore blockage on the reducibility is not so clear since most of reduction experiments have been conducted using the sinter or pellet, which have heterogeneous structures and phases, and the pore blockages were accompanied by phase changes when the slag in the sinter or pellet melted.
We investigated the effect of pore blockage on the reduction behavior of the FeO compact containing the molten FeO-SiO 2 slag, which coexists with solid FeO. 15) In this system, the phase changes don't occur because the molten FeO-SiO 2 slag and solid FeO coexist in equilibrium state. We found the reduction rate of the FeO compact was decreased by the prevention of the diffusion of reducing gas due to the pore blockage by the penetration of the molten slag. But we should also examine the effect of other slag components on the reducibility because the sinter and iron ore containing various oxides are used in a conventional blast furnace.
In the present study, we investigated the effect of pore blockage on the reduction behavior of the FeO compact containing molten slag in FeO-SiO 2 -CaO system. Two types of slag, FeO-SiO 2 slag (FS) and FeO-SiO 2 -CaO slag (FSC), which coexist with solid FeO in equilibrium state, were used (see Fig. 1 ). 16) Penetration experiment was conducted in order to examine the state of pore blockage, which affects the reduction behavior. Then, the reducibility of the FeO compact containing the slag was evaluated through the difference of the physical properties of molten slag.
Experimental

Reduction Experiment
Slag Preparation
The slag was prepared from the reagent grade CaCO 3 , Fe, Fe 2 O 3 and SiO 2 . CaCO 3 powder was calcined for 5 h at 1 273 K to make CaO. The mixed powder, which corresponds to a given composition of molten slag shown in Table 1 , was melted in an Fe crucible for 1 h under argon atmosphere (400 cc/min (s.t.p.)). The molten slag coexists with solid FeO at 1 500 K, as shown in Fig. 1 . 16) These oxides are equilibrated with metallic iron. Then, the molten slag in the Fe crucible was quenched in iced water, and the and Toshihiro TANAKA 1) Graduate Student, Osaka University, 2-1 Yamadaoka, Suita, Osaka 565-0871 Japan. 1) Graduate School of Engineering, Osaka University, 2-1 Yamadaoka, Suita, Osaka 565-0871 Japan.
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slag was crushed and sieved to 0.3-1 mm.
Sample Preparation
Schematic illustration of procedure for sample preparation is shown in Fig. 2 . The Fe 2 O 3 powder, heated at 1 273 K for 3 h, was sieved to under 45 mm. The Fe 2 O 3 compact added with the slag grains produced as mentioned above was prepared by mixing weighed quantities of them, as shown in Table 2 , and by pressing the mixture at 100 MPa for 3 min in a cylindrical mould (see Fig. 2 (a) ). The compact is a cylinder of about 15 mm in diameter and 7 mm in height. The sample was reduced to FeO at 1 273 K in fixed 60 %H 2 -40%CO 2 gas mixture (see Fig. 2 (b) ). The phases of the sample cooled under argon flushing (400 cc/min (s.t.p.)) were analyzed by an X-ray diffraction (XRD). Figure 3 shows the XRD pattern for the sample without slag. As expected, it is confirmed that all of the XRD peaks correspond to FeO. Although the XRD peaks of Fe are also found, the intensity of these peaks is weak. The typical cross section of the sample observed by a laser-microscope is shown in Fig. 4 . White part is FeO, and it is predicted black part is pore. The interspaces among grains and grain boundaries cannot be identified in Fig. 4 . It is difficult to consider that the interspaces among grains and grain boundaries disappear in the sintering by taking ac- count of the temperature and the heating time in sample preparation. Accordingly, it is considered that these parts were closed at the polishing due to the softness of sample. The sample in Fig. 2(b) was heated up to 1500 K at a heating rate of 10 K/min and was kept under the same condition with an equilibration time of 30 min (see Fig. 2(c) ). Assuming that Fe 2 O 3 transforms FeO under this condition, the amount of molten slag is estimated as 0, 0.6, 1.5, 2.6, 5.4 mass% as tabulated in Table 2 . Then, the sample was cooled under argon flushing (400 cc/min (s.t.p.)). The XRD pattern and the cross-sectional view of the sample without slag are the same as those of the sample in Fig. 2(b) . On the other hand, slag can be observed in the case of the sample containing slag, as shown in Fig. 5 . It is found that this slag exists in the interspaces among grains and grain boundaries because the size of the region surrounded by this slag is similar to Fe 2 O 3 grain size (Ͻ45 mm) used for the production of compact.
Procedure
The experimental setup used for reduction experiment is illustrated in Fig. 6 . After the sample was heated up to 1 500 K at a heating rate of 10 K/min in N 2 flow (400 cc/min (s.t.p.)), the sample was kept for an equilibration time of 30 min. The reduction was started by introducing hydrogen (1 000 cc/min (s.t.p.)). In order to assess the kinetics of reduction reaction, thermogravimetric analysis was performed using a thermobalance. The sensitivity of the balance was in the order of 2 mg.
Penetration Experiment
Schematic illustration of penetration experiment is shown in Fig. 7 . Slag FS or FSC tablet of 0.04 g was placed on the Fe 2 O 3 compact of 4 g (see Fig. 7(a) ). Both of the slag and the compact were prepared as same as the method shown in Sec. 2.1.1. The sample was reduced to FeO at 1 273 K in 60 %H 2 -40 %CO 2 gas mixture (see Fig. 7(b) ). It was heated up to 1 500 K at a heating rate of 10 K/min and was kept in 60 %H 2 -40 %CO 2 gas mixture for 30 min (see Fig. 7(c) ). Here, the slag tablet melted, and the molten slag penetrated to the bulk of the FeO compact. The cross sections of the compact were observed by a laser-microscope. Figures 8 and 9 show the reduction curves obtained in the reduction experiments with samples containing slag FS and FSC, respectively. The reduction rate of both samples decreases as the amount of slag increases. These decreases of the reduction rate are explained from the pore blockage due to the penetration phenomena of molten slag. 15) The reduction behaviors of two samples are different, and the reduction rate of the sample with slag FSC is lower than that of the sample with slag FS. This difference of the reduction behaviors is considered to be attributable to the state of the penetration, i.e. pore blockage, of molten slag since the two types of molten slag coexist with solid FeO, and don't react with other phases. However, it is difficult to examine the state of penetration of the sample used for the reduction experiment because of the random distribution of slag grains in the sample. Then, the penetration experiments were carried out.
Results and Discussion
Reduction Experiment
Penetration Experiment
The cross-sectional views of the samples, to which slag FS and FSC penetrate, are shown in Figs. 10 and 11 , respectively. The slag exists in the interspaces among the grains and in the grain boundary in both samples. However, there is no FSC slag in the bottom part of sample. Moreover, the area of slag FSC exists in the interspaces among the grains is larger than that of slag FS. On the contrary, the area of the slag FSC exists in the grain boundary is less than that of slag FS. These are considered to be due to the difference of penetration behavior between slag FS and slag FSC.
The equation of penetration is expressed as follows (1) where l is the penetration length of the liquid, K r ϭ/(2k 2 ), r is the average pore radius, k is a constant introduced to account for the tortuosity of the capillary pores, g LV is the surface tension of the liquid, q is the contact angle between the liquid and solid, h L is the viscosity of the liquid and t is the time of penetration. Since K r is the coefficient which is related to the structure of FeO compact and all compacts are produced by the same method, K r is constant and the penetration behavior is dependent on the physical properties of molten slag, such as the contact angle between molten slag and FeO, the surface tension and viscosity of the molten slag.
The contact angle between molten slag FS and FeO is considered to be similar to that between molten slag FSC and FeO because the wettability of the two types of molten slag, which coexist with solid FeO, to solid FeO is very good. The surface tension 18, 19) and viscosity 20) for FeO-SiO 2 -CaO system are shown in Figs. 12 and 13 , respectively. The composition dependence of viscosity is much larger than that of surface tension. Therefore, the penetration behavior of molten slag is mainly dependent on the viscosity.
However, to our knowledge, there are no data of the viscosity under the present experimental composition and temperature. Then, we estimated the viscosity of molten slag by using our viscosity model. 5) The calculated results of the viscosity for FeO-SiO 2 -CaO system are shown in Fig. 14 . Since the viscosity of molten slag FSC is about four times as high as that of molten slag FS, the penetration rate of slag FSC is much slower than that of slag FS. As shown in 19) dotted line: liquidus at 1 673 K. Fig. 8 , molten slag FSC does not permeate to the bottom part of sample, which gives the evidence for slow penetration. It is also guessed that the molten slag FSC with a high viscosity can penetrate to not the grain boundaries with slight spaces but the interspaces between the grains, preferentially. The interspaces between grains closed by molten slag prevent the supply of the reduction gas to the bulk of FeO compact. On the other hand, the molten slag FS with a low viscosity penetrates not only the interspaces between the grains but also the grain boundaries. The penetrations of the molten slag to the grain boundaries produce the spaces in the interspaces between the grains. These spaces are useful as the pass of the reduction gas. Therefore, the decrease of the reduction rate of the FeO compact containing slag FS decreases is less than that of the FeO compact containing slag FSC.
Conclusions
The reduction experiments of FeO compact including molten slag with H 2 gas at 1 500 K have been conducted by using the two types of molten slag for FeO-SiO 2 system (FS) and FeO-SiO 2 -CaO system (FSC), which coexist with solid FeO, and the penetration experiments have been also conducted. The results obtained are summarized as follows:
(1) The reduction rate of the FeO compact containing molten salg decreases with increasing the amount of molten slag regardless of the type of the molten slag.
(2) The molten slag FSC with a high viscosity permeates the interspaces among the grains preferentially, and the molten slag FS with a low viscosity permeates to not only the interspaces among the grains but also the grain boundaries.
(3) Since the penetrations of the molten slag FS with a low viscosity to the grain boundaries produce the spaces, which are useful as the pass of the reduction gas, in the interspaces between the grains, the reduction rate of the FeO compact with molten slag FS is higher than that of the FeO compact with molten slag FSC with a high viscosity. 
